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Abstract 
Database queries explicitly containing existential 
and universal quantification become increasingly important 
in a number of areas such as integrity checking, interac- 
tion of databases, and statistical databases. Using a 
concept of range nesting in relational calculus expressions, 
the paper describes evaluation algorithums and transformation 
methods for an important class of quantified relational cal- 
culus queries called perfect expressions. This class includes 
well-known classes of "easy" queries such as tree queries 
(with free and existentially quantified variables only), and 
complacent (disconnected) queries. 
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l. I n t r o d u c t i o n  
Us ing  e x p l i c i t  q u a n t i f i c a t i o n  i n  d a t a b a s e  
q u e r i e s  h a s  l o n g  been c o n s i d e r e d  d i f f i c u l t  t o  
u n d e r s t a n d  b y  u s e r s  and i n e f f i c i e n t  t o  
implement  b y  t h e  DBMS. However, s e v e r a l  r e c e n t  
d e v e l o p m e n t s  may l e a d  t o  new i n t e r e s t  i n  t h e  
n e g l e c t e d  a r e a  o f  q u e r y  o p t i m i z a t i o n  f o r  
q u a n t i f i e d  q u e r i e s ,  e s p e c i a l l y  f o r  q u e r i e s  
c o n t a i n i n g  u n i v e r s a l  q u a n t i f i e r s .  
F i r s t ,  t h e r e  is  a  need t o  test g e n e r a l  
i n t e g r i t y  c o n s t r a i n t s  e f f i c i e n t l y  [BERN82], 
O f t e n ,  s u c h  c o n s t r a i n t s  a p p l y  t o  a l l  e l e m e n t s  
o f  a c e r t a i n  d a t a  set  and t h e r e f o r e  u s e  
u n i v e r s a l  q u a n t i f i c a t i o n  . 
Second,  more  and more  d a t a b a s e  s y s t e m s  a r e  
c o u p l e d  w i t h  a r t i f i c i a l  i n t e l l i g e n c e  s y s t e m s .  
F i r s t - o r d e r  p r e d i c a t e  c a l c u l u s  w i  t h  ex  i s t e n t i a l  
and u n i v e r s a l  q u a n t i f i e r s  i s  o n e  o f  t h e  
f o u n d a t i o n s  o f  A 1  m e t h o d s  [NILS82].  I t  seems 
u s e f u l  t o  p r o v i d e  s i m i l a r  t o o l s  i n  a  d a t a b a s e  
sys tem t o  make t h e  i n t e r a c t i o n  e f f i c i e n t .  
T h i r d ,  v e r y  h i g h - l e v e l  u s e r  i n t e r  f a c e s  t o  
d a t a b a s e  s y s t e m s ,  s u c h  a s  n a t u r a l  l a n g u a g e ,  
make f r e q u e n t  u s e  o f  q u a n t i f i c a t i o n .  A d a t a b a s e  
programming l a n g u a g e  [SCHM82] t h a t  s u p p o r t s  
s u c h  i n t e r f a c e s  a s  a  t a r g e t  o r  i m p l e m e n t a t i o n  
l a n g u a g e  s h o u l d  p r o v i d e  c o n s t r u c t s  t o  e v a l u a t e  
q u a n t i f i c a t i o n  e f f i c i e n t l y .  
F o u r t h ,  t h e r e  i s  a  g rowing  i n t e r e s t  t o  
p r o v i d e  r e l a t i o n a l  i n t e r f a c e s  t o  DBMSs w i t h  
o t h e r  d a t a  m o d e l s ,  e . g . ,  n e t w o r k s .  In  s u c h  
m o d e l s ,  e s p e c i a l l y  t h e  n o t i o n  o f  e x i s t e n t i a l  
q u a n t i f i c a t i o n  seems v e r y  n a t u r a l  [DAYA82]. 
F i n a l l y ,  q u a n t i f i e d  q u e r i e s  a r e  c l o s e l y  
r e l a t e d  t o  a g g r e g a t e  q u e r i e s  [KLUG82] p l a y i n g  
an i m p o r t a n t  r o l e  i n  t h e  emerg ing  a r e a  o f  
s t a t i s t i c a l  d a t a b a s e  management.  In  f a c t ,  m o s t  
e x i s t i n g  q u e r y  e v a l u a t i o n  s y s t e m s  implement  
q u a n t i f i c a t i o n  i n d i r e c t l y  v i a  a g g r e g a t e  
f u n c t i o n s  ( e . g  . , COUNT) , i f  a t  a l l .  
Our a p p r o a c h  t o  q u e r y  o p t i m i z a t i o n  f o r  
q u a n t i f i e d  q u e r i e s  makes  d i r e c t  u s e  o f  t h e  
e s t a b l i s h e d  body o f  f i r s t - o r d e r  c a l c u l u s  
r e s e a r c h .  The s t a n d a r d  r e l a t i o n a l  c a l c u l u s  
[CODD72] is  e x t e n d e d  t o  a l l o w  t h e  d e f i n i t i o n  o f  
s o - c a l l e d  ( r a n g e - )  n e s t e d  e x p r e s s i o n s .  
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R e l a t i o n a l  c a l c u l u s  e x p r e s s i o n s  a r e  
t r ans fo rmed  i n t o  nes t ed  e x p r e s s i o n s  b y  r u l e s  
t h a t  g e n e r a l i z e  t h e  n o t i o n  o f  ex tended  r ange  
e x p r e s s i o n s  i n t roduced  i n  [JARK82a] . Note t h a t  
ou r  c o n c e p t  o f  r a n g e  n e s t i n g  is d i f f e r e n t  from 
t h e  SQL c o n c e p t  o f  c o n d i t i o n  n e s t i n g  [KIM82]. 
In  extended r ange  e x p r e s s i o n s ,  a  r a n g e  
r e l a t i o n  o f  t h e  ( t u p l e )  r e l a t i o n a l  c a l c u l u s  c a n  
b e  s u b s t i t u t e d  by a  monadic r e l a t i o n - v a l u e d  
e x p r e s s i o n  over  t h i s  r e l a t i o n .  For example,  a n  
e lement  v a r i a b l e  can  b e  bound t o  t h e  s u b s e t  o f  
" p r o f e s s o r s "  r a t h e r  t han  t o  a  f u l l  "employees" 
r e l a t i o n .  Th i s  approach  may l e a d  t o  reduced 
c o s t s  f o r  e v a l u a t i n g  n-ary e x p r e s s i o n s  b y  
r e d u c i n g  t h e  s i z e  o f  t h e  p a r t i c i p a t i n g  
r e l a t i o n s ,  
Range n e s t i n g  e x t e n d s  t h i s  i d e a  b y  
a l l o w i n g  t h e  system t o  b ind  e lement  v a r i a b l e s  
t o  g e n e r a l  r e l a t i o n a l  e x p r e s s i o n s  w i t h  o n e  f r e e  
r e l a t i o n  v a r i a b l e  b u t  an a r b i t r a r y  number o f  
q u a n t i f i e d  v a r i a b l e s ,  For example,  a  v a r i a b l e  
might  b e  bound t o  " p r o f e s s o r s  n o t  t e a c h i n g  
a f t e r  6pmW, t h u s  r educ ing  f u r t h e r  t h e  s i z e  o f  
t h e  r a n g e  r e l a t i o n  and t h e  c o m p l e x i t y  o f  t h e  
que ry  s t r u c t u r e .  
Such a  more s p e c i f i c  d e f i n i t i o n  o f  t h e  
scope o f  i n t e r e s t  c a n  b e  h e l p f u l  f o r  u s e r s  i n  
f o r m u l a t i n g  q u e r i e s  and f o r  t h e  system i n  
e v a l u a t i n g  them. The s p e c i f i c  g o a l  o f  t h i s  
paper  is  t o  d e f i n e  and op t imize  an i m p o r t a n t  
class o f  n e s t e d  e x p r e s s i o n s ,  p e r f e c t  n e s t e d  
e x ~ r e s s i o n s  ( P N E )  , and t o  c h a r a c t e r i z e  t h e  - - -  L -  - , . 
co r r e spond ing  c l a s s  o f  r e l a t i o n a l  c a l c u l u s  
q u e r i e s ,  p e r f e c t  e x p r e s s i o n s .  Examples o f  
p e r f e c t  e x p r e s s i o n s  i n c l u d e  tree q u e r i e s  
? s H M u ~ ~ ]  and complacent  e x p r e s s i o n s  [BERN82]. 
The paper  s t a r t s  w i th  an ove rv i ew  o f  
s e v e r a l  r e p r e s e n t a t i o n  forms u s e f u l  t o  a n a l y z e  
and t r a n s f o r m  q u a n t i f i e d  q u e r i e s .  S e c t i o n  3 
i n t r o d u c e s  t h e  concep t  o f  p e r f e c t  n e s t e d  
e x p r e s s i o n s  and a n a l y z e s  a l g o r i t h m s  f o r  t h e i r  
e f f i c i e n t  e v a l u a t i o n .  S e c t i o n  4 d e r i v e s  t h e  
p o s s i b i l  i t i e s  t o  map r e l a t i o n a l  c a l c u l u s  
e x p r e s s i o n s  i n t o  p e r f e c t  n e s t e d  e x p r e s s i o n s .  
E s p e c i a l l y  f o r  q u e r i e s  c o n t a i n i n g  u n i v e r s a l l y  
q u a n t i f i e d  v a r i a b l e s ,  ways t o  t r a n s f o r m  
seemingly d i f f i c u l t  q u e r l e s  i n t o  p e r f e c t  
e x p r e s s i o n s  a r e  deve loped .  
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2 ,  Q u a n t i f i e d  Quer ies  
Q u e r i e s  can  b e  r e p r e s e n t e d  i n  a  number o f  
fo rms ,  A r e p r e s e n t a t i o n  form s u i t a b l e  f o r  t h e  
purpose  o f  que ry  o p t i m i z a t i o n  s u p p o r t s  t h e  
a n a l y s i s  o f  t h e  s t r u c t u r a l  p roper  t i e s  o f  t h e  
q u e r y  and p r o v i d e s  a  wel l -def ined  b a s i s  f o r  
q u e r y  t r a n s f o r m a t i o n .  A r e p r e s e n t a t i o n  form 
a l s o  d e f i n e s  t h e  c l a s s  o f  q u e r i e s  under 
c o n s i d e r a t i o n ,  
In t h i s  s e c t i o n ,  t h r e e  r e p r e s e n t a t i o n  
forms f o r  q u a n t i f i e d  q u e r i e s  u s e f u l  f o r  
d i f f e r e n t  purposes  a r e  g i v e n :  a  r e l a t i o n a l  
c a l c u l u s ,  a  p a r s e  t ree ,  and a  s o - c a l l e d  quant  
g raph  , 
2 . 1  R e l a t i o n a l  Ca lcu lus  R e p r e s e n t a t i o n  
A q u a n t i f i e d  que ry  can  b e  r e p r e s e n t e d  a s  a  
r e l a t i o n - v a l u e d  ( r e l a t i o n a l )  e x p r e s s i o n  
[SCHM771: 
[EACH r l  I N  R 1 ,  ... ,EACH r n  I N  Rn : 
< s e l e c t i o n  p r e d i c a t e > ]  
The r i  a r e  u s u a l l y  r e f e r r e d  t o  a s  e l emen t  
v a r i a b l e s  and t h e  R i  a r e  c a l l e d  r a n g e  
r e l a t i o n s .  
The s e l e c t i o n  p r e d i c a t e  is  a  f i r s t - o r d e r  
p r e d i c a t e  over  t h e  v a r i a b l e s  o f  t h e  t a r g e t  l i s t  
and is c o m p l e t e l y  d e f i n e d  by t h e  fo l lowing  
r e c u r s i v e  r u l e s  : 
1. L e t  r i . A i  d e n o t e  t h e  a t t r i b u t e  A i  
o f  v a r i a b l e  r i ,  o p  € [<,<=,>,>=,=,#], 
and c a  c o n s t a n t .  Then 
( r i . A i  o p  C )  i s  a  monadic t e r m ,  and 
( A  o p  r )  is  a  d y a d i c  t e r m .  
2. ~ t o m i c  p r e d i c a t e s  a r e  d e f i n e d  a s  f o l l o w s :  
( i )  A t e r m  is  an  a tomic  p r e d i c a t e .  
( i i )  T R U E i s a n a t o m i c p r e d i c a t e .  
( i i i )  FALSE i s  an a tomic  p r e d i c a t e .  
3 .  An atomic p r e d i c a t e  is a  s e l e c t i o n  
p r e d i c a t e .  
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4 L e t  A be a  s e l e c t i o n  p r e d i c a t e ,  
r an e lement  v a r i a b l e ,  and 
R a  r e l a t i o n .  Then 
( i )  S O M E r I N R ( A )  
( i i )  ALL r I N  R ( A )  
a r e  s e l e c t i o n  p r e d i c a t e s .  
A i s  s a i d  t o  d e f i n e  t h e  scope  o f  r .  
T e r m s  o f  t h e  form, Q r I N  R ,  where 
Q G [EACH,  SOME, ALL] 
a r e  c a l l e d  q u a n t i f i e d  r ange  terms. 
5. L e t  A and B b e  s e l e c t i o n  p r e d i c a t e s .  Then 
( i )  NOT ( A )  ( n e g a t i o n )  
( i i )  A ANDB ( c o n j u n c t i o n )  
( i i i )  A OR B ( d i s j u n c t i o n )  
a r e  s e l e c t i o n  p r e d i c a t e s .  
6. No o t h e r  formulae a r e  s e l e c t i o n  p r e d i c a t e s .  
The main advantage  o f  t h e  r e l a t i o n a l  
c a l c u l u s  r e p r e s e n t a t i o n  is  t h a t  i t  p r o v i d e s  
que ry  a n a l y s i s  wi th  a c c e s s  t o  t h e  e s t a b l i s h e d  
body o f  p r e d i c a t e  l o g i c .  T a b l e s  2 .1  and 2.2' 
c o n t a i n  t h e  most r e l e v a n t  p r e d i c a t e  c a l c u l u s  
r u l e s  adapted  t o  t h e  many-sorted r e l a t i o n a l  
c a l c u l u s .  
R e l a t i o n a l  e x p r e s s i o n s  a r e  u s u a l l y  
s i m p l i f i e d  and s t a n d a r d i z e d  i n  o r d e r  t o  remove 
redundant  s u b e x p r e s s i o n s  [HALL761 and t o  
p r o v i d e  t h e  e v a l u a t i o n  p rocedure  w i t h  a  
s u i t a b l e  s t a r t i n g  p o i n t  [CODD72], [PALE72], 
[WONG76]. A s t a n d a r d  form t h a t  p a r t i c u l a r l y  
s u p p o r t s  t h e  o p t i m i z a t i o n  and e v a l u a t i o n  o f  
independent  s u b e x p r e s s i o n s  i s  t h e  s o - c a l l e d  
d i s j u n c t i v e  prenex normal form (DPNF) . 
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Most t r a n s f o r m a t i o n s  performed f o r  t h e  
purpose of  s t a n d a r d i z a t i o n  and s i m p l i f i c a t i o n  
are o f  a  p u r e l y  s y n t a c t i c  n a t u r e  (see t a b l e s  
2.1 and 2.2) . However, t h e  r u l e s  f o r  q u a n t i f i e r  
movement (Ql t o  Q 4 )  r e q u i r e d  f o r  t h e  
t r a n s f o r m a t i o n  i n t o  DPNF, and s impl  i f i c a t i o n  
based on empty r e l a t i o n s  (M7) a r e  o b v i o u s l y  
da ta -dependent .  T h e r e f o r e ,  a  compile- t ime 
approach  t o  s t a n d a r d i z a t i o n  and s i m p l i f i c a t i o n  
a s  o u t l i n e d  i n  [JARK81] h a s  t o  p r o v i d e  
s u f f i c i e n t  i n f o r m a t i o n  so t h a t  q u a n t i f i e r  
movement can  b e  c o r r e c t e d  i n  t h e  p re sence  o f  
empty r e l a t i o n s .  Simp1 i f i c a t i o n  based on empty 
r e l a t i o n s  can  n o t  b e  performed a t  a l l  a t  
compile- t i m e .  
A l t e r n a t i v e l y ,  one  can  use a  run t ime  
a l g o r i t h m  a s  ske tched  below. I t  per forms  
s t a n d a r d i z a t i o n  and s impl  i f i c a t i o n  j u s t  b e f o r e  
que ry  e v a l u a t i o n  and ,  t h e r e f o r e ,  h a s  more 
in fo rma t ion  about  t h e  a c t u a l  d a t a .  
(1) Apply r u l e s  f o r  empty r e l a t i o n s  (M7). 
( 2 )  Transform i n t o  DPNF 
(Ql* - Q 4 ,  99, Q10, M3, M5, M6). 
( 3 )  FOR EACH c o n j u n c t i o n  DO 
a p p l y  idempotency r u l e s  M4a t o  M4d. 
( 4 )  Apply idempotency r u l e s  M4e t o  M4i. 
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i n t o  e q u i v a l e n t  ( o n e - s o r t e d )  predicate  c a l c u l u s  e x p r e s s i o n s  
according  t o  
SOME r I N  R ( A )  { m a n y - s o r t e d )  
<==> 
SOME r ( ( r  I N  R )  AND A )  { one- s o r t e d )  
and 
A L L  r I N  R ( A )  { m a n  y-so r ted  ) 
<==> 
A L L  r ( ( r  I N  R )  ==> A )  { one- s o r t e d )  / t h e n  the  f o l l o w i n g  ho lds :  
I Q1:  A AND SOME r I N  R ( B ( r ) )  C==> SOME r I N  R ( A  AND B ( r ) )  I 
Q 2 :  A OR SOME r I N  R ( B ( r )  ) 
<==> 
a )  SOME r I N  R ( A  OR B ( r ) )  I R $ [ I  
b) A I R = [ l  
Q 3 :  A AND A L L  r I N  R ( B ( r ) )  
<==> 
a )  A L L r  i n  R ( A A N D B ( r ) )  
b) A 
Q 4 :  A OR A L L  r I N  R ( B ( r ) )  <==> A L L  r I N  R ( A  O R B ( r ) )  
Q 5 :  SOME r l  I N  R 1  SOME r 2  I N  R 2  ( A ( r l , r 2 ) )  
<==> 
SOME r 2  I N  R 2  SOME r l  I N  R 1  ( A ( r l p r 2 ) )  
Q 6 :  A L L  r l  I N  R 1  A L L  r 2  I N  R 2  ( A ( r l , r 2 ) )  
<==> 
A L L  r 2  I N  R 2  A L L  r l  I N  R 1  ( A ( r l , r 2 ) )  
Q 7 :  SOME r I N  R ( A ( r )  O R  B ( r ) )  
<==> 
SOME r I N  R ( A ( r ) )  O R  SOME r I N  R ( B ( r ) )  
Q 8 :  A L L  r I N  R ( A ( r )  AND B ( r ) )  
<==> 
A L L  r I N  R ( A ( r )  ) AND A L L  r i n  R ( B ( r )  ) 
Q 9 :  NOT A L L  r I N  R ( A ( r ) )  <==> S O M E r  I N  R ( N O T ( A ( r ) ) )  
I Q 1 g : N o T  SOME r I N  R ( A ( r )  ) <==> A L L  r I N  R ( N O T  ( A ( r )  ) ) I / Q 1 1 :  SOME r I N  R ( T R U E )  <==> T R U E ,  i f  R $ [ I  1 
Q 1 2 :  SOME r I N  R ( F A L S E )  <==> F A L S E  
I Q 1 3 : A L L  L I N  R ( T R U E )  <==> T R U E  I 
Q 1 4 : A L L  K I N  R ( F A L S E )  <==> F A L S E ,  i f  R $ [ I  I 
T a b l e  2 . 1 :  T r a n s f o r m a t i o n  r u l e s  f o r  q u a n t i f i e d  e x p r e s s i o n s  
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C o m m u t a t i v e  r u l e s  
A OR B <==> B OR A 
A s s o c i a t i v e  r u l e s  
( A  OR B )  O R  C <==> 
( A  AND B )  AND C <==> 
D i s t r i b u t i v e  r u l e s  
A OR ( B  AND C )  <==> 
A AND ( B  OR C )  <==> 
I d e m p o t e n c y  r u l e s  
A AND A <==> 
A AND NOT ( A )  <==> 
A AND T R U E  <==> 
A AND F A L S E  <==> 
A OR A <==> 
A OR NOT ( A )  <==> 
A OR TRUE <==> 
A OR F A L S E  <==> 
A OR ( A  A N D B )  <==> 
D e M o r g a n l  s r u l e s  
NOT ( A  AND B )  <==> 
NOT ( A  OR B )  <==> 
b )  A AND B <==> B AND A 
A OR ( B  OR C )  
A AND ( B  AND C )  
( A  OR B) AND ( A  OR C) 
( A  AND B) O R  ( A  AND C )  
A 
F A L S E  
A 
F A L S E  
A 
T R U E  
T R U E  
A 
A 
NOT ( A )  O R  NOT ( B )  
N O T ( A )  AND N O T ( B )  
M6: D o u b l e  n e g a t i o n  r u l e s  
NOT ( NOT ( A )  ) <==> A 
M7: Einpty r e l a t i o n  r u l e s  
a )  [ E A C H  r i n  [ I  : A ]  <==> [ I  
b )  SOME r I N  [ I  ( A )  <==> F A L S E  
C )  ALL r I N  [ I  ( A )  <==> T R U E  
T a b l e  2.2: T r a n s f o r m a t i o n  r u l e s  f o r  g e n e r a l  e x p r e s s i o n s  
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2 - 2  P a r s e  Tree Represen ta t ion  
Graph ica l  r e p r e s e n t a t i o n  £ o m s  f o r  q u e r i e s  
have  a  number o f  a t t r a c t i v e  p r o p e r t i e s .  The 
v i s u a l  p r e s e n t a t i o n  o f  a  que ry  o f t e n  l e a d s  t o  
an e a s i e r  under s t and ing  of i t s  s tr  uc t u r  a1 
c h a r a c t e r i s t i c s .  In a d d i t i o n ,  g raph  t h e o r y  
o f f e r s  a  number o f  r e s u l t s  u s e f u l  f o r  t h e  
a n a l y s i s  o f  g raph  s t r u c t u r e s  (e .g  . , d i s c o v e r y  
o f  c y c l e s ,  t ree  p r o p e r t y ,  e tc , )  , 
A s t r a i g h t f o r w a r d  g r a p h i c a l  r e p r e s e n t a t i o n  
o f  a  g e n e r a l  r e l a t i o n a l  e x p r e s s i o n  is  i t s  
co r r e spond ing  p a r s e  t ree ,  i n  which q u a n t i f i e d  
r ange  t e r m s ,  a tomic  p r e d i c a t e s ,  and l o g i c a l  
o p e r a t o r s  a r e  r e p r e s e n t e d  a s  nodes ,  and 
s y n t a c t i c  r e l a t i o n s h i p s  a s  edges .  Example 2 .1  
i l l u s t r a t e s  t h e  cor respondence  between a  
c a l c u l u s  e x p r e s s i o n  and i ts  p a r s e  t ree ,  
Example 2.1: A r e l a t i o n a l  c a l c u l u s  e x p r e s s i o n  
and i ts  p a r s e  t ree.  
[EACH r I N  R: 
ALL S I N  S 
( p r e d l  ( r  ,s) 
AND 
SOME t I N  T (p red2  ( s , t )  )
AND 
SOME u  I N  U (p red3  (s  ,u) ) ) ] 
I p r e d l  ( r  ,s) 1 SOME t SOME u  
_ _ _ _ _ _ _ _ _ _ _ _  j I N T )  I N u /  
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2 . 3  Q u a n t  Graph R e p r e s e n t a t i o n  
S p e c i a l  c l a s s e s  o f  q u e r i e s ,  s u c h  a s  t h e  
c l a s s  o f  c o n j u n c t i v e  q u e r i e s ,  p l a y  a n  i m p o r t a n t  
r o l e  i n  v a r i o u s  a p p r o a c h e s  t o  q u e r y  
o p t i m i z a t i o n  [AH079], [BERN8la] , ECHAN771, 
[ROSE80], In t h e  f o l l o w i n g ,  w e  s h a l l  i n t r o d u c e  
t h e  q u a n t  g r a p h  a s  a  g r a p h i c a l  r e p r e s e n t a t i o n  
f o r  q u a n t i f i e d  c o n j u n c t i v e  e x p r e s s i o n s .  
A q u a n t  g r a p h  i s  a  d i r e c t e d  g r a p h .  Each 
node n i  r e p r e s e n t s  a  q u a n t i f i e d  r a n g e  t e r m .  
Accord ing  t o  t h e  q u a n t i f i e r ,  w e  d i s t i n g u i s h  
EACH-nodes, SOME-nodes and ALL-nodes. Each e d g e  
n i - > n j  r e p r e s e n t s  a  d y a d i c  t e r m .  The d i r e c t i o n  
o f  t h e  e d g e  i n d i c a t e s  t h a t  t h e  q u a n t i f i e d  r a n g e  
t e r m  n j  is  d e f i n e d  i n  t h e  s c o p e  o f  n i .  
A p a t h  be tween  n o d e s  n i  and n j  is  a  
s e q u e n c e , o f  a d j a c e n t  e d g e s  c o n n e c t i n g  b o t h  
n o d e s ,  W e  d i s t i n g u i s h  u n d i r e c t e d  p a t h s  ( d e n o t e d  
b y  n i - - n j )  i n  which t h e  d i r e c t i o n  o f  t h e  e d g e s  
i s  i r r e l e v a n t ,  and d i r e c t e d  p a t h s  ( d e n o t e d  b y  
n i - - > n j )  which may n o t  c o n t a i n  two a d j a c e n t  
e d g e s  w i t h  o p p o s i t e  d i r e c t i o n .  A q u a n t  g r a p h  i s  
c o n n e c t e d ,  i f  f o r  e a c h  n o d e  n i  t h e r e  is a n  
u n d i r e c t e d  p a t h  n i - - n j  t o  e v e r y  n o d e  n j  # n i  i n  
t h e  g r a p h .  
A q u a n t g r a p h  i s  c a l l e d  a  t ree ,  i f  t h e r e  
is a d i s t i n g u i s h e d  node r ,  t h e  r o o t ,  f rom which 
t h e r e  is  a  un ique  d i r e c t e d  p a t h  r - - > n i  t o  e v e r y  
n o d e  n i  i n  t h e  g r a p h .  A c y c l e  is  a n  u n d i r e c t e d  
_. p a t h  c o n n e c t i n g  some node  n l  w i t h  i t s e l f .  An 
a b s o r b e r  i s  a  node  h a v i n g  more  t h a n  o n e  
incoming e d g e s .  According t o  t h e  q u a n t i f i e r ,  w e  
d i s t i n g u i s h  EACH-absorbers, SOME-absorbers, and 
ALL-absorber s . 
Lemma 2.1: A c o n n e c t e d  q u a n t  g r a p h  t h a t  
is n o t  a  t ree c o n t a i n s  a t  
l e a s t  o n e  a b s o r b e r ,  
P r o o f :  Assume t h a t  t h e  g r a p h  d o e s  n o t  c o n t a i n  
an  a b s o r b e r .  In  t h i s  c a s e ,  t h e r e  is e i t h e r  a  
p a t h  from one  node  ( t h e  r o o t )  t o  a l l  o t h e r  
nodes  s i n c e  a l l  e d g e s  a r e  d i r e c t e d ,  o r  t h e  
g r a p h  i s  d i s c o n n e c t e d .  Both s i t u a t i o n s  
c o n t r a d i c t  t h e  p r e s u p p o s i t i o n .  
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Lemma 2.2: Each c y c l e  c o n t a i n s  a t  l e a s t  
one a b s o r b e r ,  
Proof :  Fol lows d i r e c t l y  from lemma 2-1 .  
Example 2.2: A q u a n t  t ree and a  c y c l e  
c o n t a i n i n g  an ALL-absorber . 
-------- 
-me----- ! p r e d l  
--- --- 
pr ed2-/\ired3 
------ - - ------ 
SOME t SOME u 
) I N t I  I I N U (  
-------- -------- 
-------- 
p r e d l  J-----\pred3 
------ - - ----- 
SOME S ----- ALL t I I N  S ( p r e d q I N  T ( 
------- 
A s  d e f i n e d  h e r e ,  q u a n t  g r a p h s  a r e  more 
e x p r e s s i v e  than  u n d i r e c t e d  g r a p h s  such  a s  qua1 
g r a p h s  [BERN8la], s i n c e  t h e y  c o n s i d e r  some o f  
t h e  scope r u l e s  o f  t h e  p r e d i c a t e  c a l c u l u s .  
Ex tens ions  o f  t h e  quan t  g r a p h  d e f i n i t i o n  t h a t  
cove r  a l l  such  r u l e s  a r e  n o t  needed i n  t h e  . 
c o n t e x t  o f  t h i s  pape r .  
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3. P e r f e c t  Nested Express ions  
The r e p r e s e n t a t i o n  forms in t roduced  i n  
s e c t i o n  2 a r e  p r i m a r i l y  u s e f u l  f o r  que ry  
a n a l y s i s  and que ry  t r a n s f o r m a t i o n .  In a d d i t i o n ,  
a  r e p r e s e n t a t i o n  form is needed,  t h a t  r e l a t e s  
r e l a t i o n a l  e x p r e s s i o n s  t o  a  p h y s i c a l  e v a l u a t i o n  
p rocedure .  An e x t e n s i o n  t o  t h e  r e l a t i o n a l  
c a l c u l u s ,  t h e  concept  o f  n e s t e d  e x p r e s s i o n s ,  
can  s e r v e  t h i s  purpose .  
3.1 An I n t r o d u c t o r y  Example 
Before  g i v i n g  t h e  g e n e r a l  d e f i n i t i o n  and 
e v a l u a t i o n  procedure  f o r  nes t ed  e x p r e s s i o n s ,  w e  
m o t i v a t e  our  approach b y  a  s i m p l e  example. 
Consider  t h e  r e l a t i o n a l  d a t a b a s e  w i t h  t h e  
schema 
EMPL (eno ,  ename, dno ,  s t a t u s )  
DEPT (dno,  d n m e ,  c i t y ,  s t r e e t - a d d r e s s )  
LECT ( l n o ,  e n o ,  s u b j e c t ,  t i m e )  
Suppose w e  a r e  i n t e r e s t e d  i n  "computer 
s c i e n c e  depa r tmen t s  employing p r o f e s s o r s  who d o  
n o t  l e c t u r e  a f t e r  6pm1'. Th i s  can  b e  r e p r e s e n t e d  
by t h e  r e l a t i o n a l  e x p r e s s i o n  
[EACH d  I N  DEPT: 
d.dname = ' cs l  
A N D  
SOME e I N  EMPL 
( e . s t a t u s  = pro f  
AND 
e.dno = d-dno  
AND 
ALL 1 I N  LECT 
( 1 . t i m e  <= 6pm 
OR 
1 .en0 # e .eno) ) ] 
The  p a r s e  t ree  f o r  t h i s  q u e r y  i s  shown, below. 
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-------------- ---------------- 
Idadname= ' c s '  1 1 SOME e I N  EMPL ( 
I n  [JARK82a] , t h e  ' concep t  o f  ex t ended  
r ange  e x p r e s s i o n s  was i n t r o d u c e d .  Not ing ,  t h a t  
t h e  que ry  i s  i n t e r e s t e d  o n l y  i n  
- computer s c i e n c e  d e p a r t m e n t s ,  
- p r o f e s s o r s ,  and 
- l e c t u r e s  a f t e r  6pm, 
t h e  d e f i n i t i o n  o f  t h e  r a n g e  r e l a t i o n s  c a n  b e  
extended t o  i n c l u d e  t h e  co r r e spond ing  s e l e c t i v e  
c o n d i t i o n s  and t h e  q u e r y  c a n  b e  r e p h r a s e d  a s  
[EACH csd  I N  [EACH d  I N  DEPT: d.dname = ' c s ' ] :  
SOME p  I N  [EACH e I N  EMPL: e . s t a t u s  = p r o f ]  
ALL l a t e  I N  [EACH 1 IN LECT: 1 , t i m e  > 6pm] 
(csd .dno = p.dno AND p .en0 f l a t e  .eno) 1 
Below, a  quan t  g r a p h  f o r  t h i s  e x p r e s s i o n  is  
shown . 
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------------------ 
EACH c sd  I N  
[EACH d  IN DEPT: 
d  .dname = *cs t  ] 
------------------ 
SOME p  I N  
[EACH e I N  EMPL: 
p . s t a t u s  = p r o f ]  
i p.eno # l a t e  .en0 
--------L----,---- 
ALL l a t e  I N  
[EACH 1 I N  LECT: 
l . t i m e  3- 6pml 
The e x t e n s i o n  o f  t h i s  t o  r ange  n e s t i n g  can 
b e  mot iva t ed  by a d d r e s s i n g  t h e  q u e s t i o n  how a  
c l e v e r  q u e r y  o p t i m i z e r  would hand le  such  a  
query .  An e f f i c i e n t  s t e p w i s e  p rocedure  might  
work a s  f o l l o w s .  The a l g o r i t h m  f i r s t  f i n d s  o u t  
t h e  l a t e  l e c t u r e s :  
[EACH 1 I N  LECT: 1 . t i m e  > 6pml 
Next i t  would look  f o r  p r o f e s s o r s  who d o  n o t  
t e a c h  l a t e  l e c t u r e s .  To d o  s o ,  i t  embeds o r  
" n e s t s "  t h e  r a n g e  d e f i n i t i o n  o f  p r o f e s s o r s  and 
l a t e  l e c t u r e s  i n t o  a  more g e n e r a l  e x p r e s s i o n  
d e s c r i b i n g  p r o f e s s o r s  who d o  n o t  t e a c h  l a t e  
l e c t u r e s :  
[EACH p  I N  [EACH e IN EMPL: e . s t a t u s  = p r o f ]  : 
ALL l a t e  I N  [EACH 1 I N  LECT: 1 . t i m e  > 6pm] 
(p.eno # l a t e  .eno) ] 
So f a r ,  t h i s  i s  n o t  d i f f e r e n t  from t h e  extended 
range  e x p r e s s i o n s  i l l u s t r a t e d  above. The n e x t  
s t e p  o f  t h e  p rocedure ,  however,  l o o k s  f o r  
computer sc i e n c e  depa r tmen t s  employing t h e  type  
o f  p r o f e s s o r  d e s c r i b e d  above. T h i s  i s  expres sed  
by n e s t i n g  t h e  d e f i n i t i o n  o f  computer s c i e n c e  
depa r tmen t s  - and t h e  comple te  e x p r e s s i o n  
d e s c r i b i n g  " e a r l y  l e c t u r e  p r o f e s s o r s "  i n t o  t h e  
more g e n e r a l  e x p r e s s i o n  whose v a l u e  is  t h e  
f i n a l  answer t o  t h e  o r i g i n a l  que ry :  
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[EACH c  sd I N  [EACH d  I N  DEPT: d  ,dname = c s '  1 : 
SOME e a r l y l e c t u r e r  I N  
[EACH p  I N  [EACH e I N  EMPL: e . s t a t u s  = p r o f ]  : 
ALL l a t e  I N  [EACH l I N  LECT: 1 . t i m e  > 6pm] 
( l a t e  .en0 # p.eno) ] 
( e a r l y l e c t u r e r  .dno = csd .dno) ] 
The example should make c l e a r  t h a t  t h e  
concep t  o f  n e s t e d  range  e x p r e s s i o n s  y i e l d s  an  
i n t e r m e d i a t e  r e p r e s e n t a t i o n  o f  a  que ry  which i s  
e q u i v a l e n t  t o  t h e  o r i g i n a l  r e l a t i o n a l  c a l c u l u s  
q u e r y  and d e f i n e s  impor t an t  components o f  t h e  
q u e r y  e v a l u a t i o n  procedure .  In t h e  remainder  o f  
t h i s  s e c t i o n ,  t h i s  i d e a  w i l l  be  fo rma l i zed  and 
an impor t an t  c l a s s  o f  n e s t e d  e x p r e s s i o n s  w i l l  
be  d e f i n e d  which l e n d s  i t s e l f  t o  p a r t i c u l a r l y  
e f f i c i e n t  e v a l u a t i o n .  
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3.2  D e f i n i t i o n  
A r a n g e - n e s t e d  o r ,  f o r  s h o r t ,  n e s t e d  
e x p r e s s i o n  i s  c h a r a c t e r i z e d  s y n t a c  t m y  b y  
a l l o w i n g  t o  s u b s t i t u t e  t h e  r e l a t i o n  name, R,  i n  
a  r a n g e  term 
b y  a  r e l a t i o n a l  e x p r e s s i o n  
Nested  e x p r e s s i o n s  a r e  produced u s i n g  t h e  
r u l e s  N 1  t o  N3 t h a t  a r e  m o t i v a t e d  b y  t h e  
d e f i n i t i o n  o f  t h e  many-sor t ed  c a l c u l u s  i n  
t a b l e  2 ,1 .  
NP:  [EACH r I N  R :  p r e d l  A N D  p r e d 2 1  
<==> 
[EACH r IN [EACH r '  I N  R :  p r e d l ] :  p r e d 2 l  
N2: SOME r I N  R ( p r e d l  AND p r e d 2 )  
<==> 
SOME r I N  [EACH r '  IN R: p r e d l ]  ( p r e d 2 )  
N3: ALL r I N  R (NOT(pred1) O R  p r e d 2 )  
<==> 
ALL r I N  [EACH r '  I N  R :  p r e d l ]  ( p r e d 2 )  
E x p r e s s i o n s  c a n  b e  n e s t e d  t o  a r b i t r a r y  
d e p t h ,  The n e s t i n g  g e n e r a t e s  a  p a r t i a l  o r d e r  on  
t h e  e v a l u a t i o n  o f  s u b e x p r e s s i o n s ,  i n  t h a t  i n n e r  
e x p r e s s i o n s  a r e  supposed  t o  b e  e v a l u a t e d  b e f o r e  
t h e  o u t e r  o n e s .  
E x e c u t i n g  c h e a p  s e l e c t i v e  o p e r a t i o n s  f i r  st 
and s e r i a l i z i n g  t h e  e x e c u t i o n  o f  a  q u e r y  i n t o  a  
s e q u e n c e  o f  o p e r a t i o n s ,  e a c h  working on a  
s i n g l e  r e l a t i o n  o r  v a r i a b l e ,  a r e  h e u r i s t i c  
a p p r o a c h e s  known t o  r e d u c e  t h e  e f f o r t  o f  q u e r y  
e v a l u a t i o n  [SMIT75], [BERN8la] . W e  now d e f i n e  a  
c l a s s  o f  n e s t e d  e x p r e s s i o n s ,  n a m e l y  p e r f e c t  
n e s t e d  e x p r e s s i o n s ,  t h a t  a r e  p a r t i c u l a r l y  
w e l l - s u i t e d  f o r  s u c h  h e u r i s t i c s ,  
Page 1 6  
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A p e r f e c t  n e s t e d  e x p r e s s i o n  ( P N E )  is 
d e f i n e d  r e c u r s i v e l y  a s  f o l l o w s  : 
(1) L e t  p ( r )  be a  s e l e c t i o n  p r e d i c a t e  w i t h  
monad ic  terms o n l y .  Then 
[EACH r I N  R: p ( r ) ]  
is  a  PNE. 
( 2 )  L e t  A b e  a  PNE and O ( r )  a  o n e - l e v e l  
i n d e p e n d e n t  ( O L I )  s e l e c t i o n  p r e d i c a t e  
a s  d e f i n e d  below.  Then 
[ EACH r I N  A :  O ( r )  ] 
is a  PNE. An O L I  i s  d e f i n e d  a s  f o l l o w s ,  
L e t  B be  a  PNE. Then 
( 2 a )  SOME s I N  B ( p ( r , s )  ) and 
ALL s I N B  ( p ( r , s ) )  
a r e  OLI p r e d i c a t e s  where  p ( r , s )  is  a  
c o n j  u n c t i o n  o f  d y a d i c  terms. 
( 2 b )  I f  01 ( r )  , 02 ( r )  a r e  OLI p r e d i c a t e s ,  
SO a r e  
( 2 b l )  NOT ( O l ( r )  ) 
(2b2)  O l ( r )  A N D  0 2 ( r )  
(2b3)  O l ( r )  O R  02  ( r )  . 
To m o t i v a t e  t h i s  d e f i n i t i o n ,  c o n s i d e r  some 
s p e c i a l  c a s e s .  I f  o n l y  r a n g e  r e l a t i o n s  o f  t y p e  
(1) a r e  u s e d ,  t h e  i n n e r  e x p r e s s i o n s  a r e  t h e  
e x t e n d e d  r a n g e  e x p r e s s i o n s  o f  [JARK82a] . 
S u b s t i t u t i n g  TRUE f o r  p ( r , s )  i n  ( 2 a )  y i e l d s  t h e  
c o m p l a c e n t  e x p r e s s i o n s  o f  [BERN82]. 
If (1) , ( 2 a )  , and ( 2 b 2 )  a r e  u s e d ,  t h e  
e x p r e s s i o n  is c a l l e d  a  p e r f e c t  c o n i  u n c t i v e  
e x p r e s s i o n .  The l a s t  v e i s i o n  o f  th;? example  i n  
s e c t i o n  3 . 1  i s  a  p e r f e c t  c o n i u n c t i v e  
e x p r e s s i o n .  The s o - c a l l e d  tree q u e r i e s  
[BERN8la] , [SHMU81] a r e  p e r f e c t  c o n j  u n c t i v e  
e x p r e s s i o n s  w i t h  no  u n i v e r s a l  q u a n t i f i e r s .  
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3.3. E v a l u a t i o n  
P e r f e c t  n e s t e d  e x p r e s s i o n s  can  b e  
e v a l u a t e d  i n  a  bottom-up o r  i n  a  top-down 
f a s h i o n  fo l lowing  t h e  n e s t i n g  of e x p r e s s i o n s ,  
Th i s  s e c t i o n  d e s c r i b e s  t h e  implementat ion o f  
one  s t e p  o f  t h e  e v a l u a t i o n  procedure .  I t  should  
b e  n o t e d ,  however,  t h a t  a d d i t i o n a l  e f f i c i e n c y  
can  b e  ga ined  by p a r a l l e l  p roces s ing  of 
s u b e x p r e s s i o n s  r e f e r i n g  t o  t h e  same b a s e  
r e l a t i o n  [ JARK82al . Hardware-oriented 
approaches  t o  t h e  p a r a l l e l  e x e c u t i o n  o f  
s u b e x p r e s s i o n s  a r e  d i s c u s s e d  i n  [VALD82], 
Fur thermore ,  i t  i s  o f t e n  p o s s i b l e  t o  
p i p e l  i n e  s u c c e s s i v e  s t e p s  o f  t h e  e v a l u a t i o n ,  
t h a t  i s ,  t o  s t a r t  t h e  e v a l u a t i o n  o f  an o u t e r  
e x p r e s s i o n  when o n l y  a  p a r t i a l  r e s u l t ,  e .g . , 
one  e l emen t ,  o f  t h e  i n n e r  e x p r e s s i o n  is  
a v a i l a b l e .  In t h e  s eque l  i t  i s  assumed t h a t  
t h i s  is  always done  f o r  a  sequence o f  
r e s t r i c t i o n s  o f  t h e  same r e l a t i o n .  For example,  
t h e  e x p r e s s i o n  
[EACH r I N  [EACH r '  I N  R:  p ( r v ) ]  : q ( r ) ]  
is  e v a l u a t e d  l i k e  
[EACH r IN R: p ( r )  A N D  q ( r ) ] ,  
A t  e ach  s t e p  o f  t h e  p rocedure ,  a  subexpres s ion  
[EACH r I N  R :  O ( r )  ] 
a s  d e f i n e d  i n  t h e  p r e v i o u s  s u b s e c t i o n  i s  
p roces sed .  I t  i s  assumed t h a t  a l l  t h e  i nne r  
n e s t i n g s  i n  O ( r )  have a l r e a d y  been e v a l u a t e d .  
That  i s ,  O ( r )  c o n s i s t s  o f  terms such  a s  
where VS i s  t h e  v a l u e  set t o  which t h e  inne r  
e x p r e s s i o n  computes on t h e  g i v e n  d a t a b a s e  
s t a t e .  
Consider f i r s t  t h e  c a s e  t h a t  p ( r , s )  is a  
s i n g l e  dyad ic  t e r m  ( r , A  o p  s . A )  . In t h i s  c a s e ,  
t h e  t r a n s f o r m a t i o n s  o f  t a b l e  3 . 1  can b e  a p p l i e d  
t o  reduce  t h e  q u a n t i f i e d  e x p r e s s i o n  t o  a  s i n g l e  
comparison. I t  c an  b e  seen  t h a t  i n  a l l  c a s e s  
e x c e p t  J1 and J 8  a t  most one  v a l u e  is  r e t u r n e d  
by t h e  inner  e x p r e s s i o n ,  T h e r e f o r e ,  a  s i n g l e  
monadic term is  g e n e r a t e d  t h a t  r e s t r i c t s  r .  
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I n  t h e  c a s e s  J1 and 58 ,  however,  e a c h  
e l emen t  o f  R must b e  t e s t e d  a g a i n s t  t h e  f u l l  
v a l u e  set.  Cons ider ing  t h e  complete  e x p r e s s i o n  
O ( r )  , e a c h  r may have  t o  be t e s t e d  a g a i n s t  a  
c o l l e c t i o n  o f  v a l u e  sets. 
One way t o  d o  t h i s  i n  a bottom-up 
p r o c e d u r e ,  i s  t o  s t o r e  a l l  t h e  v a l u e  sets i n  
hash t a b l e s  o r  s imp ly  a s  o rde red  sequences  
a l l owing  b i n a r y  o r ,  f o r  l a r g e r  v a l u e  sets, t ree  
s e a r c h ,  
I f  t h e r e  a r e  o n l y  v a l u e  sets o f  one  
a t t r i b u t e ,  an a l t e r n a t i v e  t o  t h e  above approach 
would b e  t o  conduc t  a  merge j o i n  between t h e  
v a l u e  sets and t h e  o u t e r  r e l a t i o n .  Th i s  
r e q u i r e s  s o r t i n g  t h e  r e l a t i o n  b y  t h e  g i v e n  
a t t r i b u t e  f i r s t  ( u n l e s s  t h e  a t t r i b u t e  i s  
indexed)  and may b e  worthwhile  o n l y  i f  one  o f  
t h e  v a l u e  sets i s  v e r y  l a r g e .  
L e t  A b e  an a t t r i b u t e  o f  non-empty v a l u e  set VS,  VS[A] t h e  p r o j e c t i o n  
of  t h e  v a l u e  se t  o n t o  A ,  and s t h e  v a r i a b l e  o f  t h e  o u t e r  r e l a t i o n .  
Then t h e  fo l lowing  t r a n s f o r m a t i o n s  ho ld  : 
J l :  SOME s I N  VS ( r . A  = s . A )  ==> r . A  I N  VS [ A ]  
52: SOME s I N  VS ( r . A  </ <= S . A )  ==> r . A  </ <= MAX ( V S [ A ] )  
J3 :  SOME s I N  VS ( r . A  >/ >= S . A )  ==> r . A  >/ >= M I N  (VS [ A ] )  
J4 :  SOME s I N  VS ( r  .A # s .A)  
==> I TRUE, i f  IVS[A] I > 1 r . A  # V S [ A ] ,  i f  I V S [ A ]  I = 1 
55: ALL s I N  VS ( r . A  = s . A )  ==> FALSE, i f  V S [ A ]  > 1 1 r . ~  = V S [ A ~ ,  i f  J V S [ A I  I = 1 
J 6 :  ALL s I N  VS ( r . A  </ <= S . A )  ==> r . A  </ <= M I N  (VS [A])  
J 7 :  ALL s IN VS ( r . A  >/ >=  s . A )  ==> r . A  >/ >=  MAX ( V S [ A ] )  
J8:  ALL s I N  VS ( r . A  $ s .A)  -- -> K.A NOT I N  VS [ A ]  
L 
Tab le  3.1: Transformat ion  r u l e s  f o r  q u a n t i f i e d  j o i n  t e r m s  
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More o p t i m i z a t i o n  is p o s s i b l e  i f  some o f  
t h e  p r e d i c a t e s  i n  O ( r )  a r e  AND-connected. 
F i r s t l y ,  t h e  p r e d i c a t e s  can  b e  t e s t e d  
s e q u e n t i a l l y  i n  d e c r e a s i n g  o rde r  o f  s e l e c t i v i t y  
t o  r educe  t h e  o v e r a l l  number o f  compar i sons ,  
Secondly,  i f  i n d e x e s  on t h e  o u t e r  r e l a t i o n  
e x i s t ,  t h e  sets o f  e lement  r e f e r e n c e s  g e n e r a t e d  
by t h e  v a l u e  sets can  b e  i n t e r s e c t e d  b e f o r e  
a c c e s s i n g  t h e  r e l a t i o n  e lements .  
A top-down approach ,  a s  proposed by 
[KLUG82] f o r  a g g r e g a t e  f u n c t i o n s ,  u s e s  t h e  
n e s t e d  i t e r a t i o n  method combined wi th  t h e  use 
o f  i n d e x e s ,  Obviously,  t h i s  can  b e  
c o s t - e f f e c t i v e  o n l y  i n  t h e  c a s e s  J1 and J 8  
s i n c e  o t h e r w i s e  t h e  g e n e r a t i o n  o f  a  s i n g l e  
v a l u e  may have  t o  b e  r epea t ed  u n n e c e s s a r i l y .  
Under t h e  same assumpt ion ,  t h e  n e s t e d  i t e r a t i o n  
method should  a l s o  b e  used i n  a  DBTG d a t a  
s t r u c t u r e  a s  demons t ra ted  f o r  e x i s t e n t i a l l y  
q u a n t i f i e d  v a r i a b l e s  b y  [DAYA82]. There ,  t h e  
e v a l u a t i o n  s imp ly  f o l l o w s  t h e  set c h a i n s .  
Now c o n s i d e r  t h e  c a s e  t h a t  p ( r , s )  is  a  
c o n j u n c t i o n  o f  s e v e r a l  j o i n  t e r m s .  I f  s i s  
u n i v e r s a l l y  q u a n t i f i e d ,  v a r i a b l e  s p l i t t i n g  
( r u l e  Q8) can b e  used t o  a c h i e v e  t h e  one  term 
c a s e .  I f  s i s  e x i s t e n t i a l l y  q u a n t i f i e d ,  t h e  
terms must be e v a l u a t e d  s i m u l t a n e o u s l y ,  and 
t h e r e f o r e  a  m u l t i - a t t r i b u t e  v a l u e  set must b e  
s t o r e d  r e s u l t i n g  i n  a  more expens ive  s e a r c h  
p r o c e s s .  If  n e s t e d  i t e r a t i o n  is u s e d ,  f eedback  
t e c h n i q u e s  a s  d e s c r i b e d  i n  [CLAU80] may improve 
t h e  e f f i c i e n c y  o f  que ry  e v a l u a t i o n .  
In summary, t h e  worst  c a s e  t i m e  complex i ty  
o f  a l g o r i t h m s  f o r  p e r f e c t  nes t ed  e x p r e s s i o n s  i s  
i n  t h e  o r d e r  o f  N l o g  m f o r  each  s t e p  where m 
is t h e  s i z e  o f  t h e  v a l u e  l i s t  and N i s  t h e  s i z e  
o f  t h e  o u t e r  r e l a t i o n  ( a t  t h i s  s t e p )  . A s  t h e  
o v e r a l l  bottom-up a l g o r i t h m  is s e q u e n t i a l ,  t h i s  
i s  a l s o  t h e  o v e r a l l  complexi ty  o f  t h e  
a lgo r i t hm.  Linear  o r  near  l i n e a r  t i m e  is 
p o s s i b l e  i n  a l l  ( o n e  t e r m  p r e d i c a t e )  c a s e s  
where J1 and J 8  do n o t  o c c u r ,  o r  i f  a p p r o p r i a t e  
hashing f u n c t i o n s  f o r  t h e  v a l u e  sets  can  b e  
formed. 
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4 ,  T r a n s f o r m i n g  Q u a n t i f i e d  Q u e r i e s  In  t o  
P e r f e c t  Nested E x ~ r e s s i o n s  
C e r t a i n  c l a s s e s  o f  e x p r e s s i o n s ,  s u c h  a s  
t h e  e x a m p l e  i n  s e c t i o n  3 - 1 ,  a r e  o b v i o u s l y  
e q u i v a l e n t  t o  some p e r f e c t  n e s t e d  e x p r e s s i o n s  
and a n y  c l e v e r  q u e r y  e v a l u a t i o n  s y s t e m  would 
c o n s i d e r  a  s t e p w i  se e v a l u a t i o n  p r o c e d u r e .  
However, t h e r e  a r e  c l a s s e s  where  t h i s  i s  
n o t  o b v i o u s  a t  a l l  and o t h e r  c l a s s e s ,  s u c h  a s  
c y c l i c  e x p r e s s i o n s ,  which  l o o k  e v e n  r a t h e r  
h o p e l e s s  [BERN8la] . A s u r p r i s i n g  r e s u l t  o f  o u r  
r e s e a r c h  i s ,  t h a t  u n i v e r s a l  q u a n t i f i c a t i o n ,  
u s u a l l y  p e r c e i v e d  a s  a  t r o u b l e  m a k e r ,  o f t e n  h a s  
a  p o s i t i v e  i m p a c t  o n  e x p r e s s i o n  n e s t i n g .  
In t h i s  s e c t i o n ,  w e  i n v e s t i s a t e  w e r f e c t  
e x p r e s s i o n s ,  d e f i n e d ' a s  t h e  c l a s s  o f  - 
e x p r e s s i o n s  t h a t  c a n  b e  t r a n s f o r m e d  i n t o  
p e r f e c t  n e s t e d  e x p r e s s i o n s .  In  p a r t i c u l a r  , w e  
a r e  i n t e r e s t e d  i n  t h e  q u e s t i o n  how t o  n e s t  a  
r e l a t i o n a l  e x p r e s s i o n  g i v e n  i n  s t a n d a r d  form.  
W e  s h a l l  d e a l  w i t h  t h i s  problem i n  two s t e p s .  
F i r s t ,  t h e  e s s e n t i a l s  o f  s e p a r a t i n g  an  
e x p r e s s i o n  i n  s t a n d a r d  form i n t o  ( i n d e p e n d e n t )  
c o n j  u n c t i v e  s u b e x p r e s s i o n s  a r e  a d d r e s s e d .  
Second,  some n e s t i n g  p r o p e r  t i e s  o f  q u a n t i f i e d  
c o n j  u n c t i v e  e x p r e s s i o n s  a r e  shown. 
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4 .1  S e p a r a t i o n  
The p a r s e  tree o f  an e x p r e s s i o n  i n  
s t a n d a r d  form is  a  c h a i n  o f  q u a n t i f i e d  v a r i a b l e  
nodes fol lowed by an  OR-node which b ranches  o u t  
t o  t h e  c o n j u n c t i o n s  o f  t h e  m a t r i x .  
------------ 
q u a n t i f i e d  
( v a r i a b l e s  / 
The d e s i r e d  form where t h e  q u a n t i f i e r s  d i r e c t l y  
p r e c e d e  t h e  c o n j u n c t i o n s  would r a t h e r  l ook  
1 i k e  : 
I q u a n t i f i e d  quan ti f i e d  q u a n t i f i e d  v a r i a b l e s  / l v a r i a b l e s  I I v a r i a b l e s  
To a c h i e v e  t h e  d e s i r e d  form, t h e  q u a n t i f i e r s  
must b e  d i s t r i b u t e d  ave r  t h e  OR-nodes, o n e  b y  
o n e ,  s t a r t i n g  wi th  t h e  i nne rmos t .  Three t y p e s  
o f  t r a n s f o r m a t i o n  t e c h n i q u e s  c a n  b e  used f o r  
t h i s  purpose : 
(1) V a r i a b l e  S p l i t t i n g  ( a c c o r d i n g  t o  r u l e  Q7) : 
T h i s  a l l o w s  c o n j u n c t i o n s  o v e r  a  common 
e x i s t e n t i a l l y  q ;an t i f ied  v a r i a b l e  t o  b e  
e v a l u a t e d  s e p a r a t e l y .  The schema l o o k s  1 ike  
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n e e  
I 
------ 




SOME r l l  ISOME r 2  / I I N R  I N  R 
( 2 )  V a r i a b l e  P r o p a g a t i o n  ( a c c o r d i n g  t o  r u l e s  
Q2,Q4) : T h i s  a p p l i e s ,  i f  o n e  o r  more  
c o n j u n c t i o n s  d o  n o t  c o n t a i n  t h e  v a r i a b l e  r o r  
v a r i a b l e s  d e f i n e d  i n  i t s  s c o p e ,  
( 3 )  Range E x t e n s i o n  ( a c c o r d i n g  t o  r u l e  N3) : 
Technique  ( 2 )  works o n l y  i f  t h e r e  is  j u s t  a  
s i n g l e  c o n j u n c t i o n  o v e r  r . O b v i o u s l y ,  f o r  
ex i s t e n t i a l l y  q u a n t i f i e d  v a r i a b l e s  t h i s  
l i m i t a t i o n  c a n  be removed b y  combining t h e  
f i r s t  two r u l e s .  For  u n i v e r s a l l y  q u a n t i f i e d  
v a r i a b l e s ,  t h e  c o n c e p t  o f  r a n g e  n e s t i n g  c a n  b e  
a p p l i e d  i n  some c a s e s  t o  s a t i s f y  t h e  
p r e c o n d i t i o n  o f  ( 2 )  . If a  p r e d e c e s s o r  v a r i a b l e  
o f  r o c c u r s  i n  a t  m o s t  o n e  c o n j u n c t i o n  t o g e t h e r  
w i t h  r (e .g  . i n  c o n j u n c t i o n  2 )  , a  
t r a n s f o r m a t i o n  a s  shown i n  t h e  f o l l o w i n g  schema 
y i e l d s  a  form t h a t  c a n  be f u r t h e r  t r a n s f o r m e d  
by  means o f  ( 2 ) :  
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EACH/ SOME/ALL I S I N S  I 
ALL r I N  [EACH r I N  R:  I NOT ( c o n j l  ( r )  ) ]  
c o n j  2 I c o n j  3  1 I ( r r s )  I ------- 
I f  t e c h n i q u e  ( 3 )  i s  n o t  a p p l i c a b l e ,  t h e  
c o n j u n c t i o n s  m u s t  b e  e v a l u a t e d  s i m u l t a n e o u s l y  
b e f o r e  e v a l u a t i n g  t h e  q u a n t i f i e r  . 
In t h i s  s e c t i o n  w e  i d e n t i f y  c l a s s e s  o f  
c o n j u n c t i v e  e x p r e s s i o n s ,  t h a t  c a n  be 
t r a n s f o r m e d  i n t o  e q u i v a l e n t  p e r f e c t  n e s t e d  
e x p r e s s i o n s ,  and t h a t  c a n  t h u s  be  a m e l i o r a t e d  
w i t h  r e s p e c t  t o  e v a l u a t i o n  p e r f o r m a n c e .  These  
c l a s s e s  w i l l  be c h a r a c t e r i z e d  b y  means  o f  
s t r u c t u r a l  p r o p e r  t i e s  o f  t h e i r  c o r r e s p o n d i n g  
q u a n t  g r a p h s .  Only  e x p r e s s i o n s  w i t h  c o n n e c t e d  
q u a n t  g r a p h s  w i l l  be c o n s i d e r e d .  O t h e r s  ( e . g  . , 
c o m p l a c e n t  e x p r e s s i o n s  [BERN821 ) c a n  b e  
e v a l u a t e d  p i e c e w i  se. The r e s u l t s  a r e  
g e n e r a l i z a t i o n s  o f  t h e  well-known work o n  
c o n j u n c t i v e  e x p r e s s i o n s  and t ree e x p r e s s i o n s  
[CHAN77], [BERN8la] , [ROSE801 and a r e  o f  
p a r t i c u l a r  i n t e r e s t  b e c a u s e  o f  t h e  e x p l i c i t  
e x p l o i t a t i o n  o f  q u a n t i f i c a t i o n .  
P r o p o s i t i o n  4.1:  Q u a n t i f i e d  c o n j u n c t i v e  
e x p r e s s i o n s  whose q u a n t  
g r a p h  i s  a  tree a r e  p e r f e c t .  
Proof  S k e t c h :  The o v e r a l l  i d e a  o f  t h e  p r o o f  i s  
t o  show how t h e  e x p r e s s i o n s  under  c o n s i d e r a t i o n  
c a n  b e  t r a n s f o r m e d  i n t o  an e q u i v a l e n t  p e r f e c t  
n e s t e d  one .  T h e r e  a r e  t h r e e  t y p e s  o f  s u b t r e e s  
d i s t i n g u i s h e d  b y  t h e  q u a n t i f i c a t i o n  o f  t h e  
v a r i a b l e  i n  t h e  r o o t  n o d e .  
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Types 1 and  2: F r e e  and e x i s t e n t i a l l y  
q u a n t i f i e d  v a r i a b l e s .  
can be t ransformed t o  
where R '  = [EACH r I N  R: 
SOME/ALL s 1 I N  S 1 ( p r e d l  ( r  , s l )  ] 
The t r a n s f o r m a t i o n  fo l lows  r u l e s  N 1  and N2. By 
i n d u c t i o n  on t h e  b r e a d t h  o f  t h e  t ree ,  i t  can  b e  
shown t h a t  t rees o f  t y p e s  1 and 2 a r e  p e r f e c t ,  
I f ,  a t  a n y  t i m e ,  R '  becomes empty,  t h e  
e v a l u a t i o n  s t o p s  w i th  a  v a l u e  o f  FALSE (SOME 
r o o t )  o r  an empty r e s u l t  (EACH r o o t )  . 
Type 3: U n i v e r s a l l y  q u a n t i f i e d  v a r i a b l e s .  
For t h e  p roces s ing  of any  e d g e ,  s a y  t h e  
l e f t m o s t  one ,  two c a s e s  must b e  d i s t i n g u i s h e d .  
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c a s e  1:: [EACH r I N  R :  
NOT (SOME/ALL s l  I N  S 1  
( p r e d l ( r , s l ) ) ) 1  = 61 
In  t h i s  c a s e ,  t h e  above s u b t r e e  can  b e  
t r ans fo rmed  accord ing  t o  r u l e s  Q8 and Q13: 
I 
----------- 
I ALL r I I N  R I 
--...-------- 
pred2 ... k r e d n  
---- ----- - -------- 
S  OM E/ALL 
---------- ---------- 
e a s e  2: [EACH r I N  R:  
NOT (SOME/ALL s l  I N  S 1  
( p r e d l ( r , s l ) ) ) I  f [ I  
I n  t h a t  c a s e ,  t h e  e v a l u a t i o n  p rocedure  s t o p s  
w i th  a  v a l u e  o f  FALSE ( r u l e  Q 1 4 )  f o r  t h e  
s u b t r e e ,  and t h e  e n t i r e  t ree e v a l u a t e s  t o  t h e  
empty r e l a t i o n .  
By i n d u c t i o n  on t h e  b r e a d t h  o f  t h e  tree i t  can  
b e  shown t h a t  trees o f  t ype  3  a r e  p e r f e c t .  
By i n d u c t i o n  on t h e  h e i g h t  o f  t h e  tree i t  can  
b e  shown t h a t  e x p r e s s i o n s  whose quan t  g raph  i s  
a  t ree  a r e  p e r f e c t .  
If  t h e  quan t  g raph  i s  n o t  a  t ree,  i t  
c o n t a i n s  a b s o r b e r s  (lemma 2 . 1 ) .  The 
co r r e spond ing  e x p r e s s i o n s  a r e  p e r f e c t  o n l y  i f  
t h e r e  is  a  way t o  remove t h e  a b s o r b e r s ,  For 
example,  t h e  e x p r e s s i o n  r e p r e s e n t e d  by  t h e  
fo l lowing  graph  i s  n o t  p e r f e c t .  
-------- --------- 
EACH r 1 I N R  / ( :iLSs / 
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The SOME-absorber c a n n o t  b e  removed, s i n c e  
t h e  q u a n t i f i e r  sequence ( A L L ,  SOME) m u s t  n o t  b e  
exchanged . In some c a s e s  however,  a b s o r b e r s  can  
b e  removed by r e d i r e c t i n g  edges  ( r u l e s  Q1 t o  
Q6) o r  b y  s p l i t t i n g  abso rbe r  v a r i a b l e s  (Q7,Q8) 
For ALL-absorbers, t h e  fo l l owing  lemma p r o v i d e s  
a  powerful  , t o o l  f o r  que ry  a m e l i o r a t i o n ,  
Lemma 4 . 1 :  ALL-absorbers can  b e  removed 
by v a r i a b l e  s p l i t t i n g  . 
Proof :  Fo l lows  d i r e c t l y  from r u l e  68. 
Example 4.1: Amel io ra t i on  o f  a  quan t  g r aph  wi th  
a  s i n g l e  ALL-ab so  rber . 
-------- -------- -------- -------- 
EACH r SOME s 
p r e d l  \/ pred2 ==> p r e d l  A N D  p red2  
-- --- --- --- --- t --- 
\ 
The e x p r e s s i o n  o f  example 4 .1  i s  
decomposed i n  t o  two d i s c o n n e c t e d  
s u b e x p r e s s i o n s .  I f  t h e  r i g h t  s u b e x p r e s s i o n  
e v a l u a t e s  t o  FALSE, t h e  o v e r a l l  r e s u l t  i s  t h e  
empty r e l a t i o n ,  o t h e r w i s e  it i s  t h e  r e s u l t  o f  
t h e  l e f t  subexpre s s ion .  
Cyc le s  can  occur  i n  q u e r i e s  r e g a r d l e s s  o f  
v a r i a b l e  q u a n t i f i c a t i o n .  I t  is  known t h a t  
c y c l e s  c o n t a i n i n g  EACH-absorber s and 
SOME-absorbers a r e  n o t  p e r f e c t  i n  g e n e r a l  
[BERN8la] . However, some c y c l e s  c a n  b e  broken  
t o  y i e l d  p e r f e c t  e x p r e s s i o n s .  Well-known 
examples  a r e  c y c l e s  induced by  t r a n s i t i v i t y  and 
c y c l e s  w i  t h  c e r t a i n  i nequa l  i t y  j o i n  terms 
[BERNslb] . 
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For  e x p r e s s i o n s  w i th  u n i v e r s a l l y  
q u a n t i f i e d  v a r i a b l e s ,  t h e r e  i s  ano the r  way t o  
b r e a k  a c y c l e ,  
p r o p o s i t i o n  4.2: An e x p r e s s i o n  wi th  a  c y c l i c  
quant  g raph  i s  p e r f e c t  i f  t h e  
t h e  c y c l e  c o n t a i n s  o n l y  
ALL-ab so r b e r  s . 
Proof Sketch:  Applying r u l e  Q a r  a  c y c l e  
c o n t a i n i n g  n  ALL-absorbers i s  decomposed i n t o  n 
d  i sconnec  t e d  sub trees,  
Example 4.2:: Amel iora t ion  o f  a  c y c l e  
w i th  two ALL a b s o r b e r s .  
- - - - -am- -------- 
p r e d l  # i p r e d 2  
------- - ----- 
-------- ALL s ALL t 
p red l J  h p r e d 2  
----- - - ----- ------- ------- 
ALL S ALL t ==> 
------- ------- 
ALL s ALL t 
----- 
-------- 
The c l a s s  o f  p e r f e c t  e x p r e s s i o n s  is n o t  
l i m i t e d  t o  t h e  c a s e s  d i s c u s s e d  i n  t h i s  s e c t i o n .  
With c e r t a i n  combina t ions  o f  u n i v e r s a l  and 
e x i s t e n t i a l  q u a n t i f i e r s ,  there  a r e  a d d i t i o n a l  
ways t o  remove SOME-absorbers. A d e t a i l e d  
d i s c u s s i o n  would r e q u i r e  an e x t e n s i o n  o f  t h e  
quant  graph n o t a t i o n  and is t h e r e f o r e  beyond 
t h e  scope o f  t h i s  p a p e r ,  a s  i s  t h e  a n a l y s i s  o f  
non-conj u n c t i v e  p e r f e c t  e x p r e s s i o n s .  
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5, Conclus ion  
T h i s  paper i n t roduced  a  concept  o f  r a n g e  
n e s t i n g  f o r  t h e  o p t i m i z a t i o n  o f  q u a n t i f i e d  
q u e r i e s ,  and o u t l i n e d  a l g o r i t h m s  f o r  t h e  
e v a l u a t i o n  o f  p e r f e c t  n e s t e d  e x p r e s s i o n s ,  The 
c l a s s  o f  p e r f e c t  r e l a t i o n a l  c a l c u l u s  
e x p r e s s i o n s  was shown t o  i n c l u d e  t h e  c l a s s e s  o f  
q u a n t i f i e d  tree q u e r i e s  and o f  q u e r i e s  
c o n t a i n i n g  o n l y  ALL-absorber s ( i nc lud  ing c y c l  ic 
q u e r i e s )  . 
Resul ts f o r  SOME-absorbers were m o s t l y  
d e r i v e d  from e a r l i e r  work. For space  r e a s o n s ,  
some more s u b t l e  d e t a i l s  o f  t h e  i n t e r a c t i o n  
between d i f f e r e n t l y  q u a n t i f i e d  v a r i a b l e s  a r e  
l e f t  t o  a  for thcoming p a p e r ,  a s  is  t h e  
e v a l u a t i o n  o f  non-pe r f ec t  e x p r e s s i o n s ,  Another 
a r e a  o f  c u r r e n t  r e s e a r c h  i s  t h e  augmentat ion o f  
t h e  s t a n d a r d i z a t i o n  and simp1 i f i c a t i o n  phase t o  
i n c l u d e  semant ic  que ry  o p t i m i z a t i o n  using 
i n t e g r i t y  c o n s t r a i n t s .  
The r a n g e  n e s t i n g  method is c u r r e n t l y  
be ing  implemented a s  a  c e n t r a l  l o g i c a l  q u e r y  
o p t i m i z a t i o n  s t r a t e g y  i n  t h e  c o n t e x t  o f  a  
c a l  c u l  us-based d a t a b a s e  programming language  
[JARK82b] . 
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